
UNCLASSIFIED

Defense Technical Information Center
Compilation Part Notice

ADP013787
TITLE: Photoluminescence Mapping and Angle-Resolved
Photoluminescence of MBE-Grown InGaAs/GaAs RC LED and VCSEL

tructures

ISTRIBUTION: Approved for public release, distribution unlimited

This paper is part of the following report:

TITLE: THIN SOLID FILMS: An International Journal on the Science and
Technology of Condensed Matter Films. Volume 412 Nos. 1-2, June 3,
2002. Proceedings of the Workshop on MBE and VPE Growth, Physics,
Technology [4th], Held in Warsaw, Poland, on 24-28 September 2001

To order the complete compilation report, use: ADA412911

The component part is provided here to allow users access to individually authored sections
of proceedings, annals, symposia, etc. However, the component should be considered within
-he context of the overall compilation report and not as a stand-alone technical report.

The following component part numbers comprise the compilation report:
ADP013771 thru ADP013789

UNCLASSIFIED



ELSEVIER Thin Solid Films 412 (2002) 114-121 _____._e ___o _ct/s
www.elsevier.comn/locate/ts f

Photoluminescence mapping and angle-resolved photoluminescence of
MBE-grown InGaAs/GaAs RC LED and VCSEL structures

A. W6jcik, T.J. Ochalski, J. Muszalski*, E. Kowalczyk, K. Goszczyfiski, M. Bugajski

Institute of Electron Technology, AL. Lotnikjw 32/46, 02-668 Warsaw; Poland

Abstract

In this paper we report a systematic investigation of emission properties of microcavity devices [resonant-cavity light-emitting
diodes (RC LEDs) and vertical-cavity surface-emitting lasers (VCSELs)] fabricated from molecular beam epitaxy (MBE)-grown
heterostructures. The optimization of such structures requires proper tuning of the wavelength of radiation emitted from the
quantum-well active region, the peak reflectivity of Drs and the cavity resonance. We demonstrate results of two techniques used
to study lnGaAs/GaAs RC LED and VCSEL structures. The first method is spatially resolved photoluminescence, i.e. mapping
of the spontaneous emission and the cavity resonance wavelength over the whole epitaxial structure, which allows for precise
determination of wavelength tuning of the structure with resonant cavity. On the other hand, it should be borne in mind that the
frequency of the cavity resonance depends on the angle of observation. To study this effect we performed angle-resolved emission
measurements, which yield information about the directionality of RC LED emission. The results of the study provide a better
understanding of the physical processes underlying light generation in microcavity devices. The information provided by both
methods is crucial for designing optimum MBE growth processes and for selecting the areas of the wafer from which useful
devices can be fabricated. Since the measurements were made at room temperature they are directly applicable to devices. ©
2002 Elsevier Science B.V. All rights reserved.

Keywords: Photoluminescence; Photoluminescence mapping; Angle-resolved photoluminescence; Microcavity; Resonant cavity light emitting
diode (RC LED); Vertical cavity surface emitting laser (VCSEL)

1. Introduction (often with more than 100 discrete epitaxial layers,
including complex composition and doping schemes),

Vertical-cavity surface-emitting laser (VCSEL) and along with the precision and uniformity required, has
resonant-cavity light-emitting diodes (RC LED) belong posed strong limitations on the process and necessitated
to the new generation of semiconductor optoelectronic a massive efforts at characterization to evaluate the
devices. Such devices benefit from the utilization of structures grown. One of the basic conditions to obtain
specific effects resulting from placing the active struc- high quantum efficiency for surface emitter structures is
ture inside a Fabry-Perot-type microcavity. The main proper tuning of the wavelength of radiation emitted
advantage of resonant-cavity LEDs is higher emission from the active region (quantum well), the peak reflec-
intensity, higher spectral purity and more directional tivity of DBRs and the resonance of the GaAs micro-
emission patterns. In addition, such devices are small in cavity (see Fig. 1). The optimum performance of the
size, which enables single-mode operation with large- structure requires simultaneous alignment of all three
modulation bandwidth. Therefore, despite the compli- features. This is the reason why the performance of
cated growth technique, microcavity devices have surface emitters is very sensitive to variations in thick-
attracted much attention in recent years [1]. ness of the individual layers and their composition.

Epitaxial growth of VCSELs and RC LEDs represents In this study we mainly concentrated on the emission
possibly the greatest challenge among optical devices, properties of InGaAs/GaAs RC LEDs, although the
The high degree of complexity of the epitaxial structure methods used are equally applicable to more complicat-

*Corresponding author. Tel.: +48-22-5487-920; fax: +48-22- ed VCSEL structures. The device structures were grown
8470-631. by molecular beam epitaxy (MBE) using a Riber 32P
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Fig. 1. Reflectance and photoluminescence spectra of surface emitter structure.

paper [2]. This technology allows control of the growth of observation and the normal to the surface. Therefore,
rate of particular layers and their composition with high the angle-resolved emission studies, as well as the spatial
accuracy (in our case better than 2%). In an MBE PL mapping, are important for understanding the emis-
reactor, molecular beams hit the center of a rotating sion features of RC LED and VCSEL structures, as well
sample. However, due to the transversal distribution of as the RC LED device itself, for which they help in
the molecular beam intensity, the growth rate is radially selecting a proper cavity design for high brightness and
non-uniform. This in turn produces a similar inhomo- maximum extraction efficiency of the diodes.
geneity in the layer thickness. This is an inherent 2. Experimental
property of MBE technology, which cannot be complete-
ly eliminated. For typical 2-inch-diameter substrates, the In this paper we report a systematic investigation of
maximal difference in layer thickness over the sample InGaAs/GaAs RC LED structures optimized for emis-
may reach a few percent. Such inhomogeneity of the sion at 1000 nm. The design, fabrication and basic
sample parameters means that proper tuning between characteristics of these devices have been previously
the quantum well (QW) emission and the cavity reso-
nance can be achieved only on limited area of the
sample (see Fig. 2). In general, the surface emitter 1000
structures are very dependent on the capability and
limitations of the epitaxial process. Thus, the critical - 980
issue is to non-destructively evaluate the wafers grown E90

with respect to the degree of tuning, and select material
for further processing. For that purpose we propose fully 960
automated, spatially resolved photoluminescence (PL)
mapping and angle-resolved local PL measurements.
This high-resolution technique consists of intensity and 940
peak-wavelength mapping over the whole epitaxial •"
wafer and is an extension of previously proposed inten- 920 "
sity mapping [3]. The information provided by the
spatially resolved PL maps are very useful for determin- 05
ing areas where the cavity resonance and QW emission 15 15
are aligned to each other. In addition, it should be borne -"(mrn) 20 25 2520 15 1.'• O
in mind that the frequency of the cavity resonance
depends on the angle of observation. This means that Fig. 2. Typical set of data representing wavelength distribution of PL

emission from surface emitter structures shifts to shorter maximum from QW (white circles) and Fabry-Perot microcavity res-
wavelengths with increasing angle between the direction onance (black circles).
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described [4]. The RC LEDs utilize the X-type resonance (a) Wavelength of max. PL (nm)
cavity, constructed normal to the substrate plane by , -._700
stacking multilayer films, including an active region 20 =me--.o

(consisting of three 80-A Ino.2Gao.9As quantum wells), weM-1
a spacer and two dielectric mirrors. Such a structure MA,- , S

forms a one-dimensional Fabry-Perot cavity resonator •3- *0.,
$09e90 62

and, due to photon confinement, enhances and concen- use - 04.

trates QW emission into a narrow (~ 1.5 nm half- 1 M 0,-Mo0
width), intense line [5]. M_- we

Me - we 7For the PL measurements we used a tunable titanium- e -68 eM5CO - M.8I

sapphire laser pumped by an ion argon laser. The SMA- M5s
exciting beam is focused on the sample by special N 2 - 90we?2 - we.3
imaging optics, providing a spot diameter of the order 0 m,2-_$02

0 5 i0 15 20 1 09H16
of 3 jim. The excitation wavelength of 700 nm at 300 x (MM)

mW of power allows penetration of the multilayer (b) "Im (runm)
structure deep enough to excite the optically active 4054 -o4 -2
region, but does not cause heating effects. The scanning 2 401- 0.04

module used in spatial PL mapping is based on an X- . ,,1 -0 MS.. 140" - 4052

Y piezo-stage combined with mechanical encoders for 15 40 _- 40.Mapproximate positioning. The measurement points are 0

nodes of square mesh of constant step, which cover the E 30 4 0,

surface of the sample. A CCD camera records the whole 10 309-

emission spectrum for the structure being investigated 3912n- 3..
3 S H-372

for each measurement point at once. The same procedure 5.3,56 - 3964

is then repeated for the next measurement point. How- ,9 _- : MAO30124 - 31132

ever, saving and processing such a huge amount of data o 3... - 342,

is difficult, so each spectrum is numerically processed 0 1 10 i' 20 3_00 -0

and only the main signatures of the spectra, such as the X (MM)
wavelength of PL maximum, the half-width and the (c) Intens of max. a.u.
integrated intensity, are saved on disk. In this way we 2M .,- 2,E40 2 3E4 - 2.4,9f4,

obtain a set of three characteristic maps from each 20 i2•OE,- 20,

measurement cycle. The spectral signatures are calculat- P 21"E4 - 20•A
2123F4 -- 22164

ed in real time. The full measurement cycle takes on 142F4- •.,04

average from 10 min to few hours, depending on the 0 2,E4 - 2000
I UE - 2.03004

wafer size, the resolution and the intensity of the signal. 1 ,.i3 - ,im9,
The set-up used for angle-resolved photoluminescence 1 10 ".$U 1*- A4

1I 3E4 - I1 E4

studies was analogous to the spatial mapping system. 1.7n32- ,.MEA
The only difference is in the way the signal is detected, 13O4 - SPIE45 .5711E1 - 1JIX•

i.e. a fiber-optic cable placed on rotary arm collects the ,A.4 - ,SZ7E
1A7#E4 - 152M4•

PL signal from a small solid angle for a particular angle 1425A - ,,4 ,1.37E4• - I1A25FA

of observation, instead of collecting the signal from a 0 1.=E,- ,.,4,
17't 1IA - 1.32:2f4

large solid angle, as is the case for the CCD camera. 10 15 20 ,. =_ -,I,,

The angle-resolved photoluminescence is locally inves- Xt(Mm)
tigated, but due to the fact that the sample is mountedt , sutaueo the pnts tat whic smpleaisuementsed Fig. 3. PL maps of n '-type GaAs substrates: the distribution of PLon an smaximum wavelength from (a) QW, (b) FWHM and (c) the intensity

taken can be precisely identified, and thus the results of the PL signal.

can be correlated with spatially resolved PL maps.

3. Results and discussion cases the complete set of maps representing character-
istic features of the wafers being investigated was

3.1. Spatially resolved PL mapping recorded. These maps served as a reference when the
final RC LED structures were assessed and allowed us

Before the final device structures were grown and to identify the areas of the wafers suitable for making
investigated, photoluminescence measurements were devices. All measurements were made on one-quarter 2-
made on substrate wafers and structures containing inch wafers. Fig. 3 shows PL maps of the GaAs substrate
device-active regions (3 X QW) but no DBRs. In both (i.e. PL peak wavelength, half-width and intensity). The
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(a) Wavelength of max. PLlnm) The subsequent set of PL maps, shown in Fig. 4,
M998 A- 999. refers to a diode structure without DBRs. The map of20 - I 8 39 - 998.4

S998.3 maximum PL wavelength (Fig. 4a) and map of FWHM
MI- 998 2 (Fig. 4b) provide information about uniformity of PLM79 - 0"'SO
9979 - 97.9 features of active region, which consist of three InGaAs1, 997.8 - 997'.9
9973 - 9971 quantum wells embedded in GaAs. The emission wave-

- 75 - 0,7.6 length distribution is practically constant, because the997.4 - 9:7.5
97.- 997.4 several-percent change in QW thickness does not have
997.3 - 997.4

>- .9971 - 997.2 a significant influence on the ground-state exciton ener-
97-0.o gy. The small differences observed in PL wavelength

59 - 999. and half-width can be explained as resulting fromIIR• - 996.8

M9 - 9W8 inhomogeneity of the indium distribution (affecting the
M.95 M.9 QW composition) over the sample. The lower left cornerII•4-996.6

1. m9.3_ 999.4 of the wafer emits the longest wavelengths. It corre-
10 15 o 99sponds to the highest indium concentration in the quan-
X (mm) tum wells, i.e. the lowest substrate temperature during

growth of the InGaAs layers. The lower right and top
(b) iFVHM (nm) left areas emit shorter wavelengths. The center of the1 l1.94 -- 12,00 sm l

11.9- 12.00 sample is characterized by high uniformity of the PL
11.6- wavelength: the differences observed do not exceed 2
1170 -1179 nm. The source of the wavelength variation is the non-

N11.4- 11. 70waeeghn-
11.52-11.54 uniform temperature distribution over the substrate15 WI ""11.52 -11.59

:11.46- 11.52 caused by preferential heat extraction by the substrateAW 11.40 -11.46

11..U- 11.40 holders (note the darker regions at the corners of theS11-28 - I11,U

g 11.22 - 1•28 wafer). In addition, the map of FWHM confirms theS 11.1 - 1122

1 0 ' uniformity of emission over the whole wafer (relative
0-104 changes of FWHM value are lower than 5%).

W10 86 1092 Fig. 5 shows mapping results for the final device1VA~ s 10.80 0

o.74 - io® W structure. The characteristic circular symmetry of the PL
10M9- 1074
10.92- !0.99 wavelength distribution from the 3 X QW active region

0 110150 05t2 embedded in the GaAs cavity enclosed by DBRs is
0 10 15 ýO evident (see Fig. 5a). The longest PL wavelength

X(mm) ( - 1000 nm) is observed at the center of the sample,

Fig. 4. Set of device active region maps (3 X QW InGaAs/GaAs): the where the thickness of the layers is the highest and the
distribution of the wavelength of PL emission from (a) QW and (b) PL wavelength decreases (down to 930 urn) moving
FWHM. towards the edges of the sample. In the case of a X-type

cavity, the peak wavelength of the photoluminescence
peak wavelength variations (see Fig. 3a) over the whole emerging outside the microcavity is directly related to
wafer are within 0.5 rm (868.0-8685 rm) with no its thickness. For the range of changes in the emission
specific pattern visible, except that the longer peak wavelength observed, the optical thickness of the GaAs
wavelengths are observed at the outer edges of the microcavity (n = 3.5) varies from 286 nm at the center
wafer. The full width at half-maximum (FWHM) value to 266 nm at the wafer edges. Although QWs emit at
is also very uniform and equal to approximately 40 nm practically a constant wavelength (approx. 997 nm) the
(Fig. 3b). Slightly higher values of the half-width (up emission extracted from the structure is filtered by the
to 41 nm) are observed at the center of the wafer. Fabry-Perot (F-P) resonance, which is strongly depend-
Finally, the PL intensity distribution is shown in Fig. ent on the optical thickness of the cavity. The PL
3c. It can be correlated with a typical liquid-encapsulated intensity map is shown in Fig. 5c. The signal is largest
Czochralski (LEC) crystal dislocation distribution. The in areas where the peak of QW emission matches the
macroscopic distribution of dislocations over such resonant cavity wavelength. The best coupling occurs at
wafers demonstrates quadruple symmetry predicted the- 975 rum, and the area of the sample for which this
oretically [6,7] and observed experimentally [8]. The condition is nearly satisfied takes the shape of a ring.
variations of the FWHM can be interpreted as resulting We can observe that the value of PL intensity is five-
from the dislocation-induced strain in the substrate. fold higher in the 'tuned area' compared to that observed
Nevertheless, all non-uniformities of the PL features at the center of the sample. The origin of the high-
observed are small and within acceptable limits for intensity ring can be understood looking at Fig. 2, which
standard GaAs substrates. shows the wavelength distribution for QW emission and
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(a) wavekngth of max. PL (nm) values of FWHM are largest in the areas where the QW
m: - iow emission overlaps with the resonant cavity wavelength

""0 MA - Ms (4.9 nm), and smallest in the center of the sample (3.2ION7'2 - 9W4

SOUS:o-8.2 nm). The distribution of FWHM values also takes aS•.NA - 94.0

977A - W. regular ring shape.
9712- 74.4 In summary, the basic condition to obtain high quan-MA0 - 971.1

OU, - N&o turn efficiency for surface emitter structures is proper
_ 10. DA - H1.6 tuning of the wavelength of radiation emitted from the>,, ilff,2 - NBA.

802A - W2 active region (quantum well) and of the resonance of
WA8 -- 952. the GaAs microcavity. The performance of surface
9"S- Mel h G~so

992-e- "2A* emitters is very sensitive to variations in thickness of
320 -- MO the individual layers and their composition. PL mapping

ON 6 - ,Me can be used as the main method to assess the technology

.0 0 20 023.2 and select material meeting the device requirements.
X (mnm)

(b) ra 3.2. Angle-resolved photoluminescenceS4132 - 410
4 .764 -4,932

20I 6W 4 I For the purpose of coupling light from an RC LED
4 0-4*420 into a multimode optical fiber, we are only interested in4 402 - 4,W0

4A2 - 4A92 the main emission lobe of the microcavity. Therefore, it4.356 - ,4A2A

420-, 4W is important to obtain high light intensity along the4 - M1 - 4 ,2 W1

4152 ---.220 normal direction, where it best couples to the fiber. As
1 4.016 - 4A, has been demonstrated in the previous section, in order

>,- 3 .9U1 - 4.010I3= - 341 to obtain high quantum efficiency of surface emitter
3IM0 - 3W

3.'7, - M,2 structures, the wavelength of radiation emitted from the
3.00 :quantum well must be tuned to the cavity resonance.3.0 - N".0

SA72 - $14
3•404 - ,A72

010 .6 _ (a) P
1 3.200 -. :20 2A3.6

X (mm) 900 -

6 1.34 - 2 73GE4

i12664- 1.12704

eo.936 4 142406 - 1120•t4
WD 2.023E4 21346A7

0112- 31.AE - •21.034

00) 6dnk 10 6 0 . 1,13E4 -1A031E4

. 042E -72 -de amIM 1.0=4 - I1•W
38W- -21.24

2D 00~~~~312 4 - 1,042E S44 IJ2F

27364 - O120 3 -
MO - "264S9572 - WNl I-IZE741 - 8152E

15 X1.mm -014 I
0 -S11 -11 9170 i'
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6040-6424 i2 M• - Soe

thto aiyreoac.I-ddtoi a be04 noted,•O4

,4272 - 4U .9D • -3 30 so 4010m - 1054
3- 4272:
35s4-wt h s o

27/30 3 120

M l8- 2352
10 11,20 - INe4

x (mm) (b)0

Fig. 5. Maps of charactemistic features of RC LED structure: the dis- iGaAs
tribution of PL maximum wavelength from (a) QW, (b) FWHM and
(C) the intensity of the PL signal.600

that of cavity resonance. In addition, it can be noted
that the areas of greatest emission intensity in the final 90• 90
structure overlap with the highest-intensity areas of the

subsrat; hwevr, mision unig i stll he ain Fig. 6. (a) Angle-resolved map of PL intensity for GaAs substrate

factor determining the PL intensity. Finally, Fig. 5b and (b) directional characteristics of emission presented in polar

shows a map of FWHM of the structure emission. The coordinates.



A. W6jcik et al. / Thin Solid Films 412 (2002) 114-121 119

On the other hand, it should be borne in mind that the (a) PL ntns a.94.
frequency of the cavity resonance depends on the angle 933 - ,7,
of observation. This means that for the cavity, which is 8520 - 933

positively detuned, i.e. for which cavity resonance 1010 7718- 92

occurs at longer wavelength than QW emission, it is %05 --7311= - W5
possible to enhance the emission by extracting light at g l0 - No
a non-zero angle with respect to the normal direction. s. - s

This occurs, however, at the cost of the directional ,,70 - 772, 406B- ON7

emission characteristic, which becomes multi-lobed. We 3 - 3M

now address these issues in some detail. To study the 2 -
9m 2030 - 2"4

1'32 - 230S

above-mentioned effects, we performed angle-resolved 1632 --2030
L1 22 - 1022

emission measurements, which yield information about $2. ,, --2,7
the directionality of RC LED emission. As a reference 90 6 .3 0 3 0 9 l0o0 - 415.

we investigated the angular emission properties of the
substrate and the QW active region. Fig. 6a shows an (b) 1 h sa.,.}

angle-resolved map of the photoluminescence of the 1010 .002E4 -- 2.
MN2.400E4 -- 2.592E4

GaAs substrate. The horizontal axis represents the angle ,-2.376E,4.. -2-04E4

at which emission is observed (0 refers to normal 921,-.280V4

200264 - 29164

direction) and the vertical axis represents the wave- I00 14 - 2.0.2E4S1 .03 E4 -* 1.945E4

length; the tones denote PL intensity. The whole map is g ,90 _. I .E4.' A 1.81 ME4 - 1.729E4o

characteristic for a particular point on the sample. For • ,,,,,. ,.62,,
bulk material the character of the map does not depend 12074 - 1.405U4

mm1.1 1ff4 - t.2M74

on the position on the sample. In accordance with g6t WIE4 -,.,,E,

expectations, the highest intensity of emission occurs at MOB m I_ - ,9,3
the direction normal to the surface and then decreases m 0495-,,5 4

940 mW5 - 640
Mm4337 - 0•41

( a ) P I nt en s ity (a .u .) 0 0=0 0 32 58

10003430 -3570
1020- 3289- 3430

3140- 3289
1010 3008- 3149

2968 - 3008
2728 - 98 (c)300

1000 2587- 2728
2447 - 2587 -- v,40.*• 4r8.

S2308 - 247
2188 2308 

/

2028- 2186
98- 1885- 2028

1745 1888
1604- 1745
1484 - 1604
1324 1 00 90U

960 1183 1324
1043- 1183902.A - 1043

9W M0 - 9024 Fig. 8. Angle-resolved spectra of photoluminescence intensity of final
621 - 762.0 RC LED structure: (a) positively detuned and (b) tuned; and (c)

940 -481.2-- $21.8

3402 401.2 directional characteristics of emission presented in polar coordinates.
A0. -- 340.8

-iO -0 -3 0 30 00.0 I, - 200.4

with angle. Over the whole range of angles, the wave-
length of PL maximum equals 870 nm and corresponds
to the bandgap energy of GaAs at room temperature.

(b) 0 The FWHM of the PL signal is also constant and equal
3 30 - Theory to 40 nm. The integrated PL intensity vs. angle of

-- 3xQW observation is shown in Fig. 6b. It agrees very well
Swith the theoretical dependence: I=I0 cos(ct).

60 The angle-resolved PL measurements of the QW
active region demonstrated similar behavior, i.e. there
was no difference in the spectra observed at various

90 90 angles. The map of angle-resolved PL of the QW active
region is shown in Fig. 7a. The PL maximum is observed

Fig. 7. (a) Angle-resolved map of PL intensity of active region at 998 nm and the FWHM value is equal to 15 nm. The
(3 X QW) and (b) directional characteristics of emission presented in integrated PL intensity vs. angle of observation shown
polar coordinates, in Fig. 7b obeys the cosine law.
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When the QW active region is embedded in the planar the layers, inherent in MBE technology, does not prac-
microcavity with DBRs, we deal with completely dif- tically influence the spectral position of PL emission
ferent behavior. In that case not only are the spectral from QWs; on the other hand, it is high enough to
characteristics of emission modified, but we observe substantially influence the cavity resonance wavelength.
also very complex directional features in the spectra. This makes it difficult to grow surface emitter structures
The angular PL maps, shown in Fig. 8, exhibit different that are perfectly tuned over large areas. Results of PL
features at different positions on the wafer. Their char- investigations confirm that the emission intensity from
acter depends on the tuning between QW emission and RC LED structures is highest in areas of sample where
the cavity resonance at a given point on the sample. the optical thickness of the microcavity is equal to the
The general feature of angle-resolved PL is its shift to wavelength of emission from the QW. The high-resolu-
shorter wavelengths with increasing observation angle tion mapping method developed allows for identification
with respect to the normal direction. The first set of of areas of the wafer that meet design criteria and can
results, shown in Fig. 8a, is characteristic for a positively be used for device fabrication. The technique of global
detuned area located at the center of the wafer (within spatially resolved PL mapping has been found very
the high PL intensity ring, cf. Fig. 5c). The second set useful in technological practice; however, the local
shows features typical for tuned areas, i.e. from the high measurement technique-angle-resolved PL-is indis-
PL intensity ring (see Fig. 8b). At the geometrical pensable for correct description of the emission charac-
center of the sample the cavity is the thickest, and the teristics of microcavity devices. The optical studies
resonance occurs at longer wavelength than QW emis- reported in this paper have strict connection with MBE
sion, i.e. at 1010 compared to 995 nm. Consequently, technology and should be useful for designing an opti-
the PL intensity in the direction perpendicular to the mum growth process, and since the measurements were
surface is rather low. With increasing angle of observa- made at room temperature they are directly applicable
tion the cavity resonance moves towards shorter wave- to the devices. The results of the paper also contribute
lengths and PL intensity grows, reaching a maximum at to better understanding of light emission from optical
340, after which it decreases again. This behavior isshow inFig 8a Th coresondng nguar istibuion microresonators, where spatial dimensions are of the
shown in Fig, 8a. The corresponding angular distribution order of the wavelength of light. Spontaneous emission,
of emission intensity is shown in Fig. 8c. A full spatial which has long been believed to be uncontrollable, is
distribution of emitted radiation can be obtained by strongly modified. The changes include not only the
rotating the characteristics around the normal to the ssion rate, t he ch alges rity nd on
surface. If we observe the area of the sample which is emission rate, but also the spectral purity and emission
tuned (see Fig. 8b), the angular characteristics show the pattern. The last two parameters were studied in consid-

same behavior in terms of wavelength shift. However, erable detail in the present paper. These changes can be

in this case the maximum PL intensity is observed in employed to make more efficient and brighter optoelec-

the direction perpendicular to the sample and the inte- tronic semiconductor devices.

grated intensity characteristic is single-lobed (Fig. 8c).
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